The filoviruses Marburg virus and Ebola virus cause severe hemorrhagic fever with high mortality in humans and nonhuman primates. Among the most promising filovirus vaccines under development is a system based on recombinant vesicular stomatitis virus (VSV) that expresses a single filovirus glycoprotein (GP) in place of the VSV glycoprotein (G). Here, we performed a proof-of-concept study in order to determine the potential of having one single-injection vaccine capable of protecting nonhuman primates against Sudan ebolavirus (SEBOV), Zaire ebolavirus (ZEBOV), Cote d'Ivoire ebolavirus (CIEBOV), and Marburgvirus (MARV).
In this study, 11 cynomolgus monkeys were vaccinated with a blended vaccine consisting of equal parts of the vaccine vectors VSV⌬G/SEBOVGP, VSV⌬G/ZEBOVGP, and VSV⌬G/MARVGP. Four weeks later, three of these animals were challenged with MARV, three with CIEBOV, three with ZEBOV, and two with SEBOV. Three control animals were vaccinated with VSV vectors encoding a nonfilovirus GP and challenged with SEBOV, ZEBOV, and MARV, respectively, and five unvaccinated control animals were challenged with CIEBOV. Importantly, none of the macaques vaccinated with the blended vaccine succumbed to a filovirus challenge. As expected, an experimental control animal vaccinated with VSV⌬G/ZEBOVGP and challenged with SEBOV succumbed, as did the positive controls challenged with SEBOV, ZEBOV, and MARV, respectively. All five control animals challenged with CIEBOV became severely ill, and three of the animals succumbed on days 12, 12, and 14, respectively. The two animals that survived CIEBOV infection were protected from subsequent challenge with either SEBOV or ZEBOV, suggesting that immunity to CIEBOV may be protective against other species of Ebola virus. In conclusion, we developed an immunization scheme based on a single-injection vaccine that protects nonhuman primates against lethal challenge with representative strains of all human pathogenic filovirus species.
Marburgvirus (MARV) and Ebolavirus (EBOV), the causative agents of Marburg and Ebola hemorrhagic fever (HF), respectively, represent the two genera that comprise the family Filoviridae (8, 24) . The MARV genus contains a single species, Lake Victoria marburgvirus. The EBOV genus is divided into four distinct species: (i) Sudan ebolavirus (SEBOV), (ii) Zaire ebolavirus (ZEBOV), (iii) Cote d'Ivoire ebolavirus (CIEBOV), and (iv) Reston ebolavirus (REBOV). A putative fifth species of EBOV was associated with an outbreak in Uganda late in 2007 (33) . MARV, ZEBOV, and SEBOV are important human pathogens, with case fatality rates frequently ranging between 70% and 90% for ZEBOV, around 50% for SEBOV, and up to 90% for MARV outbreaks depending on the strain of MARV (reviewed in reference 24). CIEBOV caused deaths in chimpanzees and a severe nonlethal human infection in a single case in the Republic of Cote d'Ivoire in 1994 (21) . REBOV is highly lethal for macaques but is not thought to cause disease in humans, although the pathogenic potential of REBOV in humans remains unknown (24) . An outbreak of REBOV in pigs was recently reported in the Philippines; however, it is unclear whether the disease observed in the pigs was caused by REBOV or other agents detected in the animals, including porcine reproductive and respiratory syndrome virus (5, 22) .
While there are no FDA-approved vaccines or postexposure treatment modalities available for preventing or managing EBOV or MARV infections, there are at least five different vaccine systems that have shown promise in completely protecting nonhuman primates against EBOV, and four of these systems have also been shown to protect macaques against MARV HF (3, 6, 12, 18, 20, (28) (29) (30) (31) 35) . Several of these vaccine platforms require multiple injections to confer protective efficacy (3, 18, 30, 31, 35) . However, for agents such as EBOV and MARV, which are indigenous to Africa and are also potential agents of bioterrorism, a single-injection vaccine is preferable. In the case of preventing natural infections, multiple-dose vaccines are both too costly and not practicable (logistics and compliance) in developing countries. In the case of a deliberate release of these agents, there would be little time for deployment of a vaccine that requires multiple injections. Thus, for most practical applications, a vaccine against the filoviruses necessitates a single immunization.
Of the prospective filovirus vaccines, only two systems, one based on a replication-defective adenovirus serotype 5 and the other based on the recombinant vesicular stomatitis virus (VSV), were shown to provide complete protection to nonhuman primates when administered as a single-injection vaccine (6, 12, 20, 28, 29) . Most intriguingly, the VSV-based vaccine is the only vaccine which has shown utility when administered as a postexposure treatment against filovirus infections (7, 9, 15) . Here, we evaluated the utility of combining our VSV-based EBOV and MARV vectors into a single-injection vaccine and determined the ability of this blended vaccine to protect nonhuman primates against three species of EBOV and MARV. Furthermore, we assessed the reusability of the VSV vectors in our macaque models of filovirus HF.
MATERIALS AND METHODS
Vaccine vectors and challenge virus. The recombinant VSVs expressing the glycoprotein (GP) of ZEBOV (strain Mayinga) (VSV⌬G/ZEBOVGP), the GP of SEBOV (strain Boniface) (VSV⌬G/SEBOVGP), or the GP of MARV (strain Musoke) (VSV⌬G/MARVGP) were generated using the infectious clone for the VSV Indiana serotype, as described recently (11, 15) . CIEBOV was isolated from the human case from the Republic of Côte d'Ivoire in 1994 (21) ; SEBOV (strain Boniface) was isolated from a patient from the SEBOV outbreak in Sudan in 1976 (36) ; ZEBOV (strain Kikwit) was isolated from a patient from the ZEBOV outbreak in Kikwit, Democratic Republic of the Congo, in 1995 (19) ; and MARV (strain Musoke) was isolated from a human case in 1980 in Kenya (27) .
Animal studies with single injection of a blended filovirus vaccine. Twenty filovirus-naïve cynomolgus monkeys (Macaca fascicularis) were randomized into five experimental groups (experimental groups 1, 2, 3, 4, and 5), consisting of three monkeys per group (experimental groups 1, 4, and 5), two monkeys per group (experimental group 2), or one monkey per group (experimental group 3), and four control groups (control groups 1, 2, 3, and 4), consisting of five monkeys per group (control group 1) or one monkey per group (control groups 2, 3, and 4) (Fig. 1) . Control group 1 included five animals, as there have been no studies to date to evaluate the pathogenic potential of CIEBOV in nonhuman primates, whereas control groups 2 to 4 consisted of one animal per group, as historical studies have shown that ZEBOV, SEBOV, and MARV are uniformly lethal in cynomolgus monkeys (6, 18, 20, (28) (29) (30) (31) 35 (17) , while the control animals in control group 1 were not vaccinated. The dose of ϳ1 ϫ 10 7 PFU of each vaccine component was chosen because it is comparable to that used in our previous preventive-vaccine studies with these vectors in nonhuman primates (6, 12, 14, 20) . Four weeks after vaccination, all animals were exposed to infectious filoviruses via i.m. injection as follows: animals in experimental group 1 and control group 1 were exposed to 1,000 PFU of CIEBOV; animals in experimental groups 2 and 3 and control group 2 were exposed to 1,000 PFU of SEBOV; animals in experimental group 4 and control group 3 were exposed to 1,000 PFU of ZEBOV; and animals in experimental group 5 and control group 4 were exposed to 1,000 PFU of MARV.
Animals were closely monitored for evidence of clinical illness (e.g., temperature, weight loss, changes in complete blood count, and blood chemistry) during both the vaccination and the filovirus challenge portion of the study. In addition, VSV and filovirus viremia were analyzed after vaccination and challenge, respectively. Animals were given physical exams and blood was collected on days 2, 14, and 28 after vaccination and on days 3, 6, 10, 14, and 28 after filovirus challenge (Fig. 1) .
Animal studies with separate injections of filovirus vaccines. Four filovirusnaïve rhesus monkeys (Macaca mulatta) were randomized into an experimental group of three animals (experimental group 6) and a control group of one animal (control group 5) (Fig. 2) . The three animals in the experimental group were vaccinated with ϳ1 ϫ 10 7 PFU of VSV⌬G/SEBOVGP by i.m. injection. After 2 weeks, we vaccinated these animals with a blend of ϳ1 ϫ 10 7 PFU of VSV⌬G /ZEBOVGP and 1 ϫ 10 7 PFU of VSV⌬G/MARVGP (Musoke strain). Three weeks after this second vaccination, all three animals and a single unvaccinated control animal were challenged by i.m. injection with 1,000 PFU of SEBOV. Surviving animals were back-challenged 38 days after the SEBOV challenge by i.m. injection with 1,000 PFU of MARV (strain Musoke). Animals were given physical exams and blood was collected at the time of vaccination and on days 3, 6, 10, 14 or 15, and 28 after filovirus challenge (Fig. 2) . Animal studies performed in biosafety level 4 biocontainment facilities at USAMRIID were approved by the USAMRIID Laboratory Animal Use Committee. Animal research was conducted in compliance with the Animal Welfare Act and other federal statutes and regulations relating to animals and experiments involving animals and adhered to the principles stated in the Hematology and serum biochemistry. Total white blood cell counts, white blood cell differentials, red blood cell counts, platelet counts, hematocrit values, total hemoglobin concentrations, mean cell volumes, mean corpuscular volumes, and mean corpuscular hemoglobin concentrations were determined from blood samples collected in tubes containing EDTA by using a laser-based hematologic analyzer (Coulter Electronics, Hialeah, FL). Determination of the white blood cell differentials was performed manually with Wright-stained blood smears. Serum samples were tested for concentrations of albumin, amylase, alanine aminotransferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), gamma-glutamyltransferase (GGT), glucose, cholesterol, total protein, total bilirubin (TBIL), blood urea nitrogen (BUN), and creatinine (CRE) by using a Piccolo point-of-care blood analyzer (Abaxis, Sunnyvale, CA).
Detection of VSV and filoviruses. RNA was isolated from plasma and swabs using Tripure reagent (Invitrogen, Grand Island, NY). RNA was also isolated from peripheral blood mononuclear cells of animals challenged with CIEBOV, as this was the first evaluation of CIEBOV in nonhuman primates. Quantitative reverse transcriptase PCR (RT-PCR) assays were used for detection of RNA. VSV was detected using primers/probes targeting the nucleoprotein gene (nucleotide [nt] positions 1146 to 1201, GenBank accession no. AM690337). ZEBOV and CIEBOV were detected using primers/probes targeting the glycoprotein genes (for ZEBOV, nt positions 7720 to 7783, GenBank accession no. AF086833; for CIEBOV, nt positions 6962 to 7037, GenBank accession no. FJ217162). SEBOV and MARV RNAs were detected using primers/probes targeting the L genes (for SEBOV, nt positions 13465 to 13534, GenBank accession no. AY729654; for MARV, nt positions 13419 to 13483, GenBank accession no. AY358025). The limit of detection for these assays is 0.1 PFU/ml of plasma. Virus titration was performed by plaque assay with Vero E6 cells from all blood samples. Briefly, increasing 10-fold dilutions of the samples were adsorbed to Vero E6 monolayers in duplicate wells (0.2 ml per well); thus, the limit for detection was 25 PFU/ml.
Humoral immune response. Immunoglobulin G (IgG) antibodies against CI EBOV, SEBOV, ZEBOV, or MARV were detected with an enzyme-linked immunosorbent assay (ELISA) using purified virus particles as an antigen source, as previously described (6, 12, 14, 20, 29) .
RESULTS

Evaluation of a single-injection blended vaccine as a panfilovirus vaccine.
No animal showed any evidence of clinical illness as a result of vaccination (Table 1) , and VSV RNA was detected only in the day 2 postimmunization sample from one animal (data not shown). None of the specifically vaccinated animals in experimental group 1, 4, or 5 showed any evidence of clinical illness after the filovirus challenge (Table 1) , and all animals in these groups survived (Fig. 3 ). We were unable to detect filovirus viremia in any of these animals by plaque assay or PCR ( Table 2 ). The single animal in experimental group 3 (subject 6) became clinically ill with symptoms consistent with SEBOV HF and succumbed to the SEBOV challenge on day 10 (Fig. 3) . The two animals in experimental group 2 (subjects 4 and 5) developed mild clinical signs of illness by day 6, including fever, lymphopenia, and mild anorexia; however, both animals recovered quickly and appeared healthy by day 10 . Surprisingly, we were unable to detect SEBOV viremia in either of these animals by plaque assay or PCR ( Table 2 ).
All control animals followed a typical filovirus disease course and developed macular rashes, lymphopenia, thrombocytopenia, and elevated levels of liver enzymes (Table 1) . This included the five CIEBOV-infected macaques, of which three succumbed to death on day 12 (two animals) or day 14 (one animal) and two survived after a long convalescence (controls 2 and 5) (Table 1; Fig. 3) . A detailed description of the pathology and pathogenesis of CIEBOV in cynomolgus monkeys will be reported separately. The remaining control animals in this study died on days 8 (SEBOV and ZEBOV) and 10 (MARV-Musoke strain) ( Table 1; Fig. 3 ). Other than the control animals, the only animal in which we were able to detect the presence of circulating filovirus viremia was the single animal in experimental group 3 (subject 6) ( Table 2) . Unlike the other experimental-group animals in this study, which received the blended vaccine, this animal was vaccinated with the monovalent VSV⌬G/ZEBOVGP vaccine and challenged with SEBOV to confirm that there is no cross-protection between ZEBOV and SEBOV.
Evaluation of humoral immune responses. The antibody responses of the cynomolgus macaques immunized with the blended vector vaccine were evaluated after vaccination (day 14 and day 28) and after filovirus challenge (day 14 and day 28) by IgG ELISA. All of the animals developed modest IgG titers against SEBOV, ZEBOV, and MARV (range, 1:32 to 1:100) at the day of filovirus challenge (Table 3) . Prechallenge titers were consistent with those from previous studies in which macaques were vaccinated with VSV vectors expressing a single filovirus GP (VSV⌬G/ZEBOVGP or VSV⌬G/MARVGP) (6, 12, 20) . As noted in previous studies, IgG titers against filoviruses often increased after filovirus challenge (Table 3) . We are uncertain as to whether this increase is a result of undetected virus replication at undetermined sites or whether the high dose of the challenge virus (1,000 PFU, approximately 30,000 virus particles) boosted the immune response.
Back-challenge of control macaques that survived CIEBOV infection. Previous studies have suggested that immunity to one species of EBOV does not confer protection against another species of EBOV. For example, macaques that are immune to SEBOV are not protected against challenge with ZEBOV, while macaques immune to ZEBOV are not protected against challenge with SEBOV (1, 20). In the current study, there were two macaques that survived CIEBOV challenge (controls 2 and 5) (Table 1; Fig. 3) . One of the two cynomolgus monkeys that survived CIEBOV challenge was back-challenged by i.m. injection with 1,000 PFU of heterologous ZEBOV 131 days after initial CIEBOV exposure. Surprisingly, this animal did not become clinically ill or viremic and remained healthy. This animal was then challenged by i.m. injection with 1,000 PFU of heterologous SEBOV 38 days after the ZEBOV back-challenge. Again, this animal did not become clinically ill or viremic and remained healthy. The second control cynomolgus macaque that survived CIEBOV challenge was then back-challenged 43 days after the initial CIEBOV challenge by i.m. injection with 1,000 PFU of heterologous SEBOV. As with the previous back-challenge of an CIEBOVimmune macaque, we were surprised that this animal showed no evidence of clinical illness and did not become viremic. In summary, one CIEBOV-immune macaque survived back-challenge with heterologous ZEBOV and a second back-challenge with heterologous SEBOV, while a second CIEBOV-immune macaque survived back-challenge with heterologous SEBOV. A second back-challenge with ZEBOV was not performed on this animal, as the study protocol had expired.
Vaccination with VSV⌬G/SEBOVGP followed by vaccination with VSV⌬G/ZEBOVGP and VSV⌬G/MARVGP. It appeared that there may have been some weak interference between VSV⌬G/SEBOVGP and the other VSV vectors in the A mild rash is defined as focal areas of petechiae covering less than 10% of the skin, a moderate rash is defined as areas of petechiae covering between 10% and 40% of the skin, and a severe rash is defined as areas of petechiae and/or echymosis covering more than 40% of the skin. Fever is defined as a temperature more than 2.5°F over baseline or at least 1.5°F over baseline and Ն103.5°F. Lymphopenia and thrombocytopenia are defined by a Ն35% drop in numbers of lymphocytes and platelets, respectively. UA, uric acid; GLU, glucose; 3, 2-to 3-fold increase; 33, 4-to 5-fold increase; 333, Ͼ5-fold increase; 2 2 2, Ͼ5-fold decrease.
single-vaccination, blended-vaccine study (Table 1 , subjects 4 and 5). This may be due to the slower replication kinetics of VSV⌬G/SEBOVGP than of VSV⌬G/ZEBOVGP or VSV⌬G/ MARVGP-Musoke (T. W. Geisbert and H. Feldmann, unpublished observation), or it may be a result of other causes, such as the affinity of the specific filovirus GPs for the antigenpresenting cells of the host. To begin to evaluate this finding, we next vaccinated three rhesus monkeys with ϳ1 ϫ 10 7 PFU of VSV⌬G/SEBOVGP by i.m. injection. Rhesus monkeys were used because of availability and since the filovirus species and strains employed in this study cause uniform lethality in both macaque species (reviewed in reference 16). After 2 weeks, we vaccinated these animals with ϳ1 ϫ 10 7 PFU of VSV⌬G/ZE BOVGP and 1 ϫ 10 7 PFU of VSV⌬G/MARVGP. Three weeks after this second vaccination, all three animals and a single control animal were challenged by i.m. injection with 1,000 PFU of SEBOV (Fig. 2) . All three vaccinated animals showed no clinical evidence of SEBOV HF and remained healthy. In contrast, the control animal became severely ill and developed classic symptoms of SEBOV HF, including dehydration, anorexia, and the presence of a macular rash; this animal died on day 17. SEBOV was detected in plasma of this animal on days 6, 10, 14, and 17 by plaque assay and RT-PCR, while no evidence of SEBOV was detected in plasma of any of the three specifically vaccinated animals at any time point (data not shown). We next back-challenged the three surviving animals 38 days after the initial SEBOV challenge with 1,000 PFU of MARV-Musoke to determine whether the vaccine 
Exp 3 regimen employed in this study could confer protection against challenge with a different filovirus (Fig. 2) . All three animals showed no clinical evidence of infection or viremia and survived the MARV back-challenge. As observed in the singlevaccine study (described above), all three vaccinated animals in this study developed modest IgG titers against SEBOV, ZEBOV, and/or MARV (range, 1:32 to 1:100) at the day of filovirus challenge (Table 4) , with titers increasing after challenge. In summary, vaccination with VSV⌬G/SEBOVGP followed 2 weeks later by vaccination with a mixture of VSV⌬G /ZEBOVGP and VSV⌬G/MARVGP conferred complete protection against both SEBOV and MARV-Musoke. This study also shows the reusability of these recombinant VSV vectors.
DISCUSSION
This study demonstrates the feasibility of a single-injection panfilovirus vaccine and shows the potential to provide protection against multiple species and strains of filoviruses. In this study, cynomolgus macaques vaccinated with a single injection of a blended vaccine consisting of VSV vectors expressing the SEBOV GP, the ZEBOV GP, and the MARV (Musoke strain) GP were protected against four different filovirus species that have caused disease in humans: CIEBOV, SEBOV, ZEBOV, and MARV. Recently, a fifth putative species of EBOV was identified in Uganda (33) . This species caused 37 deaths in 149 suspected cases (ϳ25% case fatality rate) and was reported to be most closely related to CIEBOV. As a combination of the SEBOV GP, the ZEBOV GP, and the MARV GP in our VSV vaccine resulted in the complete protection of nonhuman primates against CIEBOV in the current study, it seems reasonable to assume that this blended vaccination approach would also protect animals against the new EBOV species from Uganda. However, future studies will need to address protection against this newly identified EBOV. Regarding future development of filovirus vaccines, our finding that two control macaques that survived challenge with CIEBOV survived subsequent challenge with SEBOV and ZEBOV may have implications for vaccine design. It is possible that a filovirus vaccine expressing the CIEBOV GP may confer protection against all EBOV species. This would simplify production of a panfilovirus vaccine by reducing the number of necessary components from what appears to be three antigens (MARV GP, SEBOV GP, and ZEBOV GP) to two (MARV GP and CIEBOV GP).
Recently, a two-injection filovirus vaccine that is based on an adenovirus vector expressing multiple antigens from five different filoviruses (ZEBOV NP, ZEBOV GP, SEBOV GP, MARV Ci67 strain GP, MARV Ravn strain GP, MARV Musoke strain NP, MARV Musoke strain GP) was described (31) . In this study, two groups of cynomolgus monkeys were given an initial i.m. injection of this vaccination and were then given a second injection of the vaccine 63 days later. The first group of vaccinated animals was challenged with the Musoke strain of MARV 42 days later and then back-challenged 72 days later with SEBOV. The second group of vaccinated animals was initially challenged with ZEBOV 43 days after the second vaccination and then back-challenged 69 days later with the Ci67 strain of MARV. All animals in these studies survived the initial filovirus challenge and a back-challenge with a different strain or species of filovirus. While these results show the potential of a multivalent filovirus vaccine, there are several concerns with the study and the adenovirus-based vaccine platform, including that (i) the vaccine as described requires two injections to elicit a protective response in nonhuman primates; (ii) a significant portion of the global population has preexisting antibodies against the adenovirus vector, which may affect efficacy (2, 23, 25) (in contrast, preexisting immunity against VSV in human populations is negligible [34] ); (iii) this vaccine vector has performed poorly in recent highly publicized trials against human immunodeficiency virus in Africa (4, 26) ; and (iv) unfortunately, the two strains of MARV employed in this study (Musoke and Ci67) are remarkably similar in both sequence and disease course in nonhuman primates. There is no information on whether this vaccine would elicit a protective immune response against the seemingly most patho- genic Angola strain of MARV. As this strain has a much more rapid disease course in nonhuman primates than other MARV strains (13) and has been associated with higher mortality rates in humans than other MARV strains (32) , it is unclear whether a replication-defective vaccine based on sequences of heterologous MARV strains would be able to protect against the Angola strain. We have recently shown that a single injection of our VSV-MARV vector expressing the GP of the Musoke strain can completely protect cynomolgus monkeys against challenge with either the Ravn strain or the Angola strain of MARV (6) .
The main concern with the VSV vaccine vector is that replication-competent vectors may present more-significant safety challenges in humans, particularly those with altered immune status. In order to begin to address these concerns, we recently evaluated the safety of our replication-competent VSV⌬G/ZE BOVGP vaccine in simian-human immunodeficiency virus-infected rhesus monkeys. We found that the vaccine caused no evidence of overt illness in any of these immunocompromised animals (14) .
The serological response in almost all animals in the current study was weak to modest, a phenomenon that was described in our previous studies using the recombinant VSV vectors (6, 12, 20) . Some of the control animals which were vaccinated with VSV⌬G/LASVGPC showed low levels of anti-filovirus IgG (1:32) on day 14 after vaccination, which disappeared on day 28 and later (Table 3 ). This could be from cross-reactivity to cellular proteins due to antigen preparation in Vero cells but more likely represents a low affinity and a short-lived crossreactivity to VSV or (less likely) to LASVGPC. VSV is a rhabdovirus and, as with filoviruses, a member of the order Mononegavirales. Some proteins of Mononegavirales (e.g., nucleoprotein and polymerase) are conserved, which could explain a certain cross-reactivity (10) . Nevertheless, a transient titer of 1:32 most likely represents background reactivity rather than filovirus-specific IgG. The role of antibodies produced against vaccination with recombinant VSVs in protection against lethal filovirus challenge remains unclear. However, previous studies suggest a role for both cellular and humoral responses in protection (20) .
In conclusion, the development of vaccines that require fewer injections and that can confer protection against multiple diseases or agents is highly desirable and will benefit first responders, family and household members, and laboratory workers. The results of the current study show that the use of replicating recombinant VSV-based vectors offers a promising approach to developing a single vaccine that can protect against all filovirus strains and species that cause disease in humans.
